INTRODUCTION
GEL electrophoresis of proteins has demonstrated much heterozygosity in populations (e.g. Harris, 1966; Lewontin and Hubby, 1966; Selander et al., 1969 ). For population biologists, this finding is fortunate, for a readily available source of genetic variation can be called upon to test hypotheses. The choice of organisms for study can be made according to ecological suitability and theoretical relevance. This same high degree of genetic variation demands explanation, especially in view of theoretical problems of maintaining much heterozygosity (Kimura and Crow, 1964) . Selective neutrality of much protein variation within and between species has been proposed (Kimura, 1968a, b; Crow, 1968; King and Jukes, 1969; Shaw, 1970) , and would eliminate problems of genetic load. As Clarke (1970) points out, however, crucial tests of neutrality v. adaptiveness should come from population studies. While indications of adaptive roles for protein polymorphs are accumulating, very little of the environmental relationships has been revealed. Thus, widespread heterozygosity for proteins provides both an excellent opportunity and a demand for the study of genetic and biochemical variation in terms of the environment.
The crested blenny, Anoplarchus, offers excellent opportunities for such study. This fish is abundant and is easily captured in rocky intertidal areas of the western United States and Canada. Peden (1966) used a number of morphological criteria to distinguish two species of Anoplarchus which differ in their geographical and vertical distributions. Anoplarchus insignis tends to be more northern and in deeper water than A. purpurescens, the abundant form in Puget Sound. This dichotomy suggests selective forces which should be reflected in the genetic composition of the two species. The present study was initiated to consider enzyme variation in Anoplarchus against this background.
In particular, a lactate dehydrogenase (LDH) [EC 1.1.1.27] polymorphism in A. purpurescens was chosen for detailed study. LDH isozymes have been well studied, and their molecular and genetic bases are well understood (see Markert, 1968) . Vertebrate LDH is tetrameric and usually consists of various combinations of two major subunit types. Coding of these subunits at separate autosomal loci has been demonstrated in man (see Vessell, 1965) , deer mice (Shaw and Barto, 1963) and in trout (Morrison and Wright, 1966) . A number of polymorphisms at these loci in fish have U Olympia Fio. l.-Sampling locations. Location numbers refer to table 1. ma been described (Markert and Faulhaber, 1965; Hochachka, 1966; Odense et al., 1966 Odense et al., , 1969 Lush and Cowey, 1968; Clayton and Gee, 1969; Hodgins et al., 1969; Utter, 1969) . While these reports confirm the tetrameric and multiple subunit nature of fish LDH, they reveal nothing of the environmental relationships of the polymorphisms. In the present study, an attempt is made to relate the LDH polymorphism in A. purpurescens to the environment and to differences with A. insignis.
MATERIALS AND METHODS (a) Samples
Population samples were taken between May 1969 and July 1970 at 23 localities in Puget Sound and the Strait of Georgia. Sampling sites are shown in fig. 1 , with the exception of Quadra Island, British Columbia, which is approximately 100 miles north-west of Vancouver in the Strait of Georgia. All specimens were collected by hand beneath rocks at low tide. Samples were taken from as restricted an area as possible, usually less than 100 feet in diameter, and any replicate samples were taken from the same spot. The two species of Anoplarehus were identified according to Peden (1966) .
(b) Treatment of samples Samples were either frozen whole (at -20° C.) or held alive prior to use. Skeletal muscle was generally used for scoring, although other tissues were sometimes used for comparison. Protein extracts were obtained by incubating tissue samples in approximately two volumes of 2 per cent. phenoxyethanol (see Nakanishi et al., 1969) for at least one hour. Samples kept in this solution in the refrigerator for three months continued to give readable LDH patterns.
(c) Electrophoresis
Horizontal starch gel electrophoresis was used to separate isozymes.
The discontinuous lithium hydroxide-boric acid and Tris-citric acid buffer system described by Hodgisis et al. (1969) After approximately 30 minutes in the dark at room temperature, the LDH isozymes were visible as dark blue bands on the whitish gel.
RESULTS (a) Lactate dehydrogenase isozymes
The LDH isozymes of A. purpurescens are shown in fig. 2 , in which the presumed subunit composition of each band is shown. The patterns are similar to those of many teleosts (Markert and Faulhaber, 1965) , in which combination of A and B subunits is nonrandom, producing three bands in tissues in which both subunits are present. The A subunit is the only type present in skeletal muscle, where its activity is the strongest. As in some other fishes (Markert and Faulhaber, 1965; Nakano and Whitely, 1965; Morrison and Wright, 1966) , a third subunit, C, is restricted to eye tissue, and may form a hybrid molecule with the B subunit. Superimposed on this general isozyme pattern is variation in the A subunit. This is most simply demonstrated in muscle extracts, where single slow (A), single fast (A'), or series of five bands (AA') are found. Whenever A and A' subunits occur together, there are five bands, which supports the assumption of a tetrameric structure of Anoplarchus LDH, and suggests a heterozygote, in which A and A' subunits combine randomly. That the combination is random is shown by the relative intensities of the bands. Within the heterozygtoes, the presumed A2A band is darkest, while the homotetramers are faintest. The single bands of homozygotes are much more intense than the bands of heterozygotes.
Tissues in which the B subunit is present provide further clarification of the A subunit variation. The mobility of the A2B2 hybrid molecule reflects the different mobilities of A and A'. The heterozygote shows nine bands: A4, A3A, A2A, A1A, A, A2B2, A1AB2, AB2, B4. In all cases where more than one tissue from an individual were examined, the phenotype held true.
All three phenotypes were found in newly hatched larvae and in adults, regardless of sex or reproductive condition. Holding fish at temperatures from 10 to 24 C. for up to two months did not appear to influence scoring.
Freezing up to eight months and storage in phenoxyethanol did not influence mobilities.
To summarise, the LDH isozyme patterns of A. purpurescens indicate three subunit types with variation in the A, or muscle, subunit. Molecular evidence for an allelic interpretation for this variation is:
1. Only the expected numbers of bands are found. The most important indication from the geographical data is an increase in the frequency of A' from north to south, shown in fig. 3 . The frequency values for this plot are totals of all collections from a given site, and include sites with total samples greater than 40. Although there is heterogeneity within and between samples from a few locations, this does not affect the broad pattern, and will be dealt with later. From a frequency of less than 5 per cent. in the Strait of Georgia, A' rises to 13-17 per cent, in most of Deception Pass and Admiralty Head are characterised by steep banks, rapid currents and much vertical mixing. This is in marked contrast to the quiet waters and gentle slopes of sites within Puget Sound. Only at Tacoma Narrows are similar conditions found within the Sound. While the frequency of A' here is not particularly low, this area does show peculiarities which will be considered later. The only other area with a relatively steep bank (but with very quiet waters) is Lilliwaup, on Hood Canal, where A' is at low frequency compared with other areas in the Sound.
To summarise, A' is at frequencies of less than 10 per cent, to the north and at the entrances to Puget Sound. summer. There appears to be a migrational component to the seasonal pattern. The resultant seasonal heterogeneity at the most exposed site suggests habitat preference differences associated with A and A'. The 1969 samples at Quadra Island, San de Fuca, Carkeek and Lilliwaup were also divided as to upper and lower areas, although available habitat is more continuous at these sites. None showed significant heterogeneity, but each had a slightly higher frequency of A' in the upper area, consistent with the findings at Penrose Point. During the spring and summer of 1969, more than one sample were taken from Hypus Point (Deception Pass), Carkeek, Point Defiance and Penrose Point, site K. The data are recorded in Table 1 , and in each case there was at least a slight rise in A' frequency in the later collections, though the trend is not significant. That a change did occur at Point Defiance, at least, is indicated by the intermediate value of the second of three collections, along with the nearly significant difference between the first and third samples (x) = 346, P <0.10). The similar area at Hypus Point also shows a highly suggestive rise in A' frequency (P <0.10). No discernible genotype disequilibrium accompanied these changes. The apparent rise in A' frequency at Point Defiance and Hypus Point indicates a stronger correlation of relatively low frequencies of A' and areas of much vertical mixing in the spring of 1969 than at later dates.
Winter samples were taken at San de Fuca, Carkeek, Point Defiance and Penrose Point. With the exception of changes associated with depth mentioned in the previous section, no drop in A' frequency was found. At Carkeek, there was a sharp increase in A' (x) = 563, P <0.02).
Differences between 1969 and 1970 samples at a number of sites were sought. No changes were found, with the exception of the Seattle sites, which show an increase in A' (x) = 699, P<005). There are no obvious seasonal patterns in allelic frequencies applicable to all locations, but samples from some areas show particular types of heterogeneity. The rise in A' frequency at Seattle from 1969 to 1970, and the apparent rise during 1969 at Point Defiance and Hypus Point, suggest peculiarities associated with particular years, rather than general seasonal patterns. (ii) Age. From most areas, winter and spring samples allow separation of age-groups through size distributions, while summer samples are unimodal. Anoplarchus breeds in February and March, and a few young of the year (approx. 20 mm. long) may be found intertidally early in the summer. However, only fish one year and older are abundant in the samples. The size distributions for samples allowing age class determination are shown in fig. 4 , where the arbitrary division points and year classes are indicated. finding is from 1969, when the frequency of A' in the 1967 year class is nearly double that of the 1968 year class at all three locations (x) = 11 ll, P<0.02). In 1970 there were no significant differences between agegroups, suggesting peculiarities between years rather than a general change in A' frequency with age. From Penrose Point and Lilliwaup, where the data are strongest, it is clear that the 1967 year class is the peculiar one, with a higher frequency of A' than the succeeding two year classes. This is not borne out at Golden Gardens. Since Seattle showed the only rise in The general increase in A' from north to south and from less exposed to more exposed areas within the intertidal, parallels on a smaller scale the north-south and vertical distributions of the two species of Anoplarchus as A. insignis is the more northerly and deeper species. This suggests that the A' allele represents a significant difference between the species. Direct consideration of this possibility can be made at the Tacoma Narrows, the only area in Puget Sound where A. insignis was found to be abundant.
As indicated previously, there was a rise in A' frequency in Point Defiance samples from early June to late July 1969 (shown in fig. 5, a) all Tacoma Narrows samples (including Point Fosdick) that include both species. A very strong negative correlation is revealed (r = -0958, P <0.01). Thus, the sampling populations of the two species are more similar (lower frequency of A' in A. purpurescens) when the environment is more suitable for both (as judged by relative species abundance).
(h) Environmental correlates
The patterns associated with geography, intertidal depth, age-groups and species differences all demonstrate non-randomness of LDH-A allelic frequencies. An attempt has been made to determine possible environmental correlates with these patterns.
C.
The rise in A' frequency from north to south immediately suggests temperature as a possible correlate, especially since intertidal areas are strongly influenced by atmospheric conditions. In Puget Sound, the discrepancy between air and water temperatures is generally greatest in the summer, and A' frequency broadly correlates with warmer summer conditions. Areas with steep slopes and much mixing should show less warming in the summer. Thus, the breaks in the dine at Deception Pass and Admiralty Head strengthen the correlation of A' with temperature.
A more detailed consideration is possible within Puget Sound, where oceanographic data are available. A comprehensive oceanographic survey in 1954 provides data for all areas for all seasons of that year (Barnes and Colias, 1956) . Data from this single year have been used for comparison with allelic frequencies, since long-term averages are not available, and surveys in other years did not include all pertinent stations. A further limitation of the data is that values are for midchannel and may not adequately describe shore conditions.
In February 1954, the surface temperature-range between sites was less than 2°C. During August, however, the spread was greater than 7°C .
A plot of A' frequency against August surface temperature reveals a positive correlation (r = 0686, P <0.02), supporting the broad correlation described above. Whereas the low frequencies of A' at the entrances to Puget Sound are well accounted for by this correlation, the low frequency at Lilliwaup (Hood Canal) seems exceptional.
Within Puget Sound there is a strong positive correlation between temperature and summer oxygen concentration, with the exception of Hood Canal which has high summer temperatures and low oxygen concentrations. Thus, a plot of A' frequency against summer oxygen concentrations yields a slightly stronger correlation than for temperature (r = 07ll, P <0.01), accounting for the low frequency at Lilliwaup.
However, special features at Lilliwaup confound this apparent separation of the two correlates. Air temperatures during the winter and early spring are lower around Hood Canal than other areas of Puget Sound. The effects of this on inshore areas may not be well represented by the midchannel data. Also, Anoplarchus breeds a full month earlier in Hood Canal than at Penrose Point and Seattle. The eggs and larvae at Lilliwaup experience conditions similar to those of more northern areas, cooler than in most of Puget Sound. The correlations of A' frequency cannot be confidently separated.
The influence of air temperature on the intertidal is increased by tidal patterns within Puget Sound. In winter, when air temperatures are comparable to, or lower than, water temperature, the lowest tides are at night. In mid-March low tides switch to midday, and air temperatures are generally higher than water temperature. This combination, along with an increasing tidal range from March through June, enhances the warming effect of spring, and presumably results in a greater variance in temperature between high and low intertidal areas.
At Penrose Point, this seasonal pattern parallels patterns of Anoplarchus abundance and A' frequency at different heights within the intertidal.
The winter to spring decrease in numbers and increase in A' frequency at the most exposed site, along with the increased variance of numbers and A' frequency between sites, correlates with an accentuated warming trend. Thus, the depth relationships provide a correlation of A' frequency and temperature, paralleling that found from geographical comparisons. At low tide Anoplarchus are under rocks on damp substrate, rather than in pools, so oxygen availability should be higher at the more exposed sites. Since this should be so regardless of season, temperature appears to be the better correlate with the changes in A' frequency. Special weather conditions in years affecting the Anoplarchus samples show additional correlation of A' frequency with temperature. The summer of 1967 was exceptionally hot in western Washington. The average high temperature at Seattle in August 1967 was more than 5° C. above normal: "In addition to being one of the warmest Augusts on record, this has been one of the warmest and driest summers . The winter of 1968-69 was also abnormal, described as " the most severe winter in many respects since 1949-50 and one of the colder on record . . (U.S. Environmental Services Administration, 1969). That these extremely low temperatures are not the cause of the age-group differences is indicated by the common allelic frequencies of 1968 and 1969 year classes. However, the cold conditions early in 1969 may correlate with the apparently low frequencies of A' in earlier collections at Point Defiance and Hypus Point. The special nature of these sites is consistent with a lagged response to spring warming in areas of much vertical mixing. The after-the-fact nature of this correlation allows little confidence, but it is suggestively parallel to other results.
(i) Temperature experiments
In view of the very strong and consistent correlation of allelic frequencies with temperature, experiments were carried out to see if genotypes survive differentially according to temperature. Larvae of laboratory-hatched clutches from Penrose Point were used, as these are conveniently small and provide more suitable genotype frequencies than population samples. After hatching, larvae were held at 95° C. one to two days. At that time, approximately 50 active larvae from a single clutch were pipetted into each of two one-gallon jars of sea water. The jars were placed in controlled-temperature water baths, one at l60±02° C., the other at 40±05° C. Jars were aerated, and no food was provided. Dead individuals were collected at approximately 12-hour intervals, until at least half were dead. This took 2-3 days at 16° and 4-14 days at 4°. Individual larvae were scored, and the first half (as close as possible) to die in each jar was compared with the remaining half for genotype frequencies.
A' homozygotes were present in three clutches. Data on these clutches are arranged in table 4 to allow comparison of A'A' with each of the other genotypes. Small numbers necessitated use of Fisher's Exact Probability for these single-clutch comparisons. Combined probabilities were derived according to Fisher (1954) . The clearest results are those for the A'A'-AA comparisons. At 4° C. all three clutches showed a relative advantage for The above clutches, plus another four, were used for AA'-AA comparisons (table 4, c) . In six of seven clutches at 4° C., the homozygotes lived longer than the heterozygotes (x) = l722, P<O.02). At 16° C., the heterozygotes appeared at an advantage in five of seven clutches, though the results are very weak. While A-homozygotes clearly outsurvived the A'-bearing gentoypes at 4° C. (X3) 3O18, P <0.01), the data do not support the opposite at 16° C.
As an indication of the over-all pattern of relative genotype survival in the 4° C. and 16° C. groups, probability values at each temperature have been combined (table 4) . From these values it is evident that the relative fitness of A'A' correlates with temperature, and the AA-AA' comparison is at least highly suggestive.
To summarise, under the experimental conditions the homozygotes clearly survived differentially in the direction expected from the field data. The heterozygotes showed intermediate fitness at 4° C., though not clearly at 16° C. Thus, the larvae, at least, can show differential survival correlated with temperature. In view of the strong field correlation of A' frequency with both temperature and oxygen, it is of note that the close correlation of these in the field would not be duplicated under experimental conditions.
Discussior'i
That populations contain much genetic variation has long been indicated by studies of quantitative inheritance, and this has been strikingly demonstrated by electrophoresis of proteins. The initial finding of polymorphisms at seven of 18 loci examined electrophoretically in Drosophila pseudoobscura (Lewontin and Hubby, 1966) , plus the increased demonstration of large differences in amino acid sequences between species, have led to much discussion of the biological significance of protein variation. Evolutionists dealing with morphological characters, wary of suggestions of neutral genes, have proposed that protein variation must be adaptive (e.g. Simpson, 1964) .
That such an extrapolation from morphological characters may be unwarranted has led some to claim that most protein evolution is due to random fixation of neutral alleles (e.g. King and Jukes, 1969) . As Cain (1951) very clearly stated some time ago, however, characters labelled "non-adaptive" are better labelled "uninvestigated " until the data are in. Of course, the same applies to presumed "adaptive" characters, and any useful generalisations must be based on data.
The critical test of functional significance must come from population studies, which are unfortunately scarce. Where evidence is available, however, it points to the adaptiveness of protein polymorphisms. Especially interesting is the relationship of transferrin allelic frequencies with population densities in two species of Micro tus (Tamarin and Krebs, 1969 corresponding to a latitudinal dine fl allelic frequencies of population samples. In caged populations of Drosophila, frequency dependent selection has been found at the Esterase-6 locus (Kojima and Yarbrough, 1967) and at an alcohol dehydrogenase locus (Kojima and Tobari, 1969) . There are numerous other examples of clinal variation in allelic frequencies (e.g. Frydenberg et al., 1965; O'Gower and Nicol, 1968) or constant frequencies over large areas (e.g. Prakash et al., 1969) . Although details are neded, the accumulating evidence indicates much pattern of allelic frequencies, which is not consistent with widespread neutral variation. It is also interesting that the more intensive the study, the stronger the evidence for natural selection.
The LDH polymorphism in Anoplarchus adds to the accumulating evidence against predominantly neutral protein variation. The north-south increase in A' frequency itself indicates selection, and the apparent breaks in the dine at recognisably different areas strengthen this indication. The close correlation of allelic frequencies with physical conditions in Puget Sound confirms the geographic pattern. The seasonal and depth relationships at Penrose Point, the age-group differences, the close correlation of allelic frequency with species composition at the Tacoma Narrows, and the apparent changes in frequencies at Point Defiance and Hypus Point in 1969 and at Seattle from 1969 to 1970, each point to non-neutrality of alleles. With the exception of the changes in allelic frequency in Seattle samples (for which no explanation is evident), all of the field data show a consistent correlation with temperature. Finally, the laboratory experiments show that, at least under some circumstances, differential mortality can occur in the direction expected if natural selection is operating. The patterns in allelic frequencies found in the field are probably due both to natural selection and behaviour. Absence of data on migration in Anoplarchus precludes any critical evaluation of the relative effects of migration and selection in maintaining the dine. There is little doubt that habitat preference has at least sharpened some of the observed patterns. The seasonal and depth relationships at Penrose Point suggest local migrational differences associated with A and A'. The species-genotype correlation at the Tacoma Narrows could also result from behavioural patterns, as could the increase in A' frequency at Point Defiance and Hypus Point. Of course, behavioural differences between genotypes would themselves indicate functional differences between alleles.
The temperature experiments, while not to be directly extrapolated to natural conditions, confirm that there are differences between the genotypes that relate to temperature and survival. The age-group data provide more direct evidence that selection does in fact occur in the wild. The very high frequency of A' in the 1967 year class in 1969, the possible drop in that frequency in 1970 at Penrose Point, and the low frequency of A' in the 1969 year class, which was derived mainly from 1967 fish, all suggest that selection is strong.
A major reason for choosing Anoplarchus for study was the interesting distribution patterns of the sibling species, as shown by Peden (1966) . The species are sympatric from the Aleutian Islands to Puget Sound, the southern limit of A. insignis, with A. urpurescens extending south to central California. Throughout the area of sympatry, A. insignis tends to occur in deeper water than A, purpurescens, the more so towards the south. This distribution of A. insignis represents a common pattern of Pacific Coast fishes which suggests an important influence of temperature on fish distribution (Hubbs, 1948) .
On a smaller scale, the geographic and vertical distribution of A. purpures-cens LDH alleles parallels that of the two species. The close association of allelic frequency with relative occurrence of A. insignis at the Tacoma Narrows confirms the meaningfulness of this parallelism, and is further evidence of a correlation of allelic frequency with temperature. Of course, the fact that A. insignis was not found in cooler areas shows that temperature is not the only correlate with species distribution.
The adaptiveness of the LDH difference (the A' allele) between the species is interesting in light of taxonomic use of electrophoresis. While the data do not provide a geographical comparison, the patterns over time provide a parallel situation, showing greater similarity of the species when the environment is more suitable for sympatry. Such a finding is expected for characters adapted to physical parameters of the environment. Since uncritical evaluation of increased similarity in areas of sympatry might lead to a conclusion of introgression (e.g. see Miller and Hubbs, 1969) , it is of obvious importance to understand the significance of taxonomic characters, including proteins. The consistent correlation of A' frequency with temperature in the field and in the laboratory indicates a probable causal relationship. In view of its influence on enzyme kinetics and in view of its apparent role in Anoplarchus distribution, temperature is a reasonable selective factor. Work on muscle LDH has shown a relationship of environmental temperature and Michaelis constant in a number of fishes (Hochachka and Somero, 1968; Somero, 1969) . Whether or not the correlation of Anoplarchus LDH phenotypes with temperature carries over to such biochemical differences remains to be determined, and such an analysis would certainly be a fruitful means of relating molecular function to the environment.
It would be naïve to presume temperature to be the only selective force affecting the Anoplarchus LDH polymorphism. The strong correlation with oxygen is suggestive of factors other than temperature operating on the polymorphism. Jr. view of the important function of LDH in anaerobic metabolism in skeletal muscle, oxygen concentration is certainly a possible selective force. Of course, many factors will correlate with both oxygen and temperature, and much experimentation is necessary to clarify the direct and synergistic effects of different factors. The present data at least provide a background for such physiological and biochemical study.
The most important shortcoming of the present study is the lack of information on the mode of selection. While it is a reasonable assumption that the polymorphism is stable (Ford, 1964) , even this has not been shown. In view of the problems of maintaining much variation through heterosis (Kimura and Crow, 1964) , the method of selection is of critical importance.
The present data provide no evidence either for or against heterosis, nor do they suggest other types of selection. For initial clues, perhaps a laboratory approach would be more fruitful than further field work on this question.
The present study provides a basis for such an approach, as well as for inquiries on the fundamental biochemical differences between the alleles.
